Metalloenzymes superoxide dismutases (SODs) are key enzymes in the metabolism of oxygen free radicals whose primary activity is the dismutation of superoxide radical anion into hydrogen peroxide and molecular oxygen.
, and its derivatives such as peroxynitrite. As a consequence, it has been proposed that the development of specific inhibitors of parasitic iron superoxide dismutases, which are different from their host's Cu/Zn or Mn-dependent enzymes, may lead to the perturbation of the antioxidant defence mechanism, and thus could contribute to the development of new drugs with anti-parasitic properties.
3) The bis-catechol derivative N 1 ,N 6 -bis(dihydroxybenzoyl)-1,6-diaminohexane 8 (Chart 1) has been shown to be a selective and irreversible inhibitor of the iron-SOD from Crithidia fascicula, a non-parasitic trypanosomatid related to trypanosomes. 4) The authors showed that inhibition was caused by a mechanism other than chelation, and hypothesized that this bis-catechol was oxidized to a quinone before forming a covalent bond with the protein. In addition to any inhibitory effects, there is an interest in studying the reactivity of catechol derivatives towards biological molecules such as proteins, whose structural modifications are often associated in the development of many diseases and in aging. Indeed, a number of drugs can undergo oxido-reductive transformations in cells, such as O-demethylation reactions catalyzed by cytochrome P450-dependent mono-oxygenases, or one-or two-electron oxidation mediated by peroxidases and tyrosinases, leading to the formation of catechol and/or ortho-quinone moieties as major metabolites. [5] [6] [7] In the present work, as part of a program to develop novel iron-superoxide dismutase inhibitors, we synthesised and evaluated a series of catechol derivatives. The influence of added SOD on the rate of auto-oxidation reaction of these compounds to their corresponding ortho-quinones was also investigated.
Results
Synthesis of Catechol Derivatives (Chart 1) Commercially available 2,3-dihydroxybenzoic acid 1 was used as starting material for the synthesis of all catechol derivatives 2-8. Catechol 2 was prepared from 1 and [(tert-butyloxycarbonyl)amino]ethylamine 8) with 1,3-dicyclohexylcarbodiimide (DCC) as coupling reagent. Removal of the butyloxy carbonyl protecting group (Boc) from 2 under acidic conditions using trifluoroacetic acid gave hydrochloride compound 3. Compounds 4 and 6 were obtained from 2,3-dihydroxybenzoic acid using the DCC method in the presence of glycine ethyl ester or N-hydroxysuccinimide, respectively. Treatment of 4 in aqueous sodium hydroxide and subsequent acidification gave compound 5, and reaction of 6 with 1,2-diaminoethane and 1,6-diaminohexane yielded the bis-catechol derivatives 7 and 8, respectively. All compounds were then fully characterised by mass spectrometry, 1 H-, 13 C-NMR and IR spectroscopies.
Oxidation Kinetic Measurements The oxidation of catechols to their corresponding ortho-quinone derivatives was determined by UV-visible spectroscopy by monitoring the increase in absorbance at lϭ280 nm. As shown in Fig. 1A , autoxidation of compound 5 at 400 mM occurred through a very slow process in a 50 mM Tris buffer (pH 8.2) at 25°C, with a first order constant value of 0.079 h Ϫ1 (t 1/2 ϭ9 h). The addition of either Escherichia coli Fe-SOD or bovine erythrocytes Cu/Zn-SOD had no significant effect on the oxidation rate with half-life time values of about 11 and 10 h, respectively (Fig. 1A) . A similar effect was observed on all other compounds (data not shown), thus providing proof that this class of enzyme neither catalyses nor inhibits the conversion of catechol compounds to their corresponding quinones. In these experiments, it should be noted that catechols (400 mM) were in large excess compared to enzyme amount (0.3 mM), explaining why an inhibition of auto-oxidation rate, which could be due to substrate consumption by enzyme through covalent bonding, was not observed. In comparison, when tyrosinase, known to catalyse the production of ortho-quinones from phenol and catechol compounds, was added, oxidation of compound 5 occurred much more rapidly (Fig. 1B) .
Inhibition Studies The activities of catechol-incubated SODs were determined using the SOD assay based on pyrogallol auto-oxidation in a 50 mM Tris buffer (pH 8.2) containing 1 mM EDTA. As shown in Fig. 2 , all compounds of this study demonstrated a selective inhibitory effect on the irondependent enzyme in a dose-dependent manner. Except for compound 2, all catechol derivatives at concentrations of 400-500 mM fully inhibited the activity of the iron-dependent enzyme, whereas bovine erythrocyte Cu/Zn-SOD was slightly inactivated at these concentrations (with the only exception being for compound 3). Inhibition by all compounds (400 mM) was found to be time-dependent, suggesting that catechol-induced inactivation is an irreversible process. For compounds 3 and 5, the t 1/2 values (time corresponding to 50% inhibition) were found to be 25 min and 11 h, respectively. However, the corresponding kinetic data (K i and k i or k inact ) could not be determined due to the uncertainty of ortho-quinone concentrations, which are generated in situ by spontaneous catechol oxidation, and which are known to decompose rapidly in aqueous solution. In the attempt to identify the modifications induced by catechol derivatives, E. coli Fe-SOD (30 mM) was incubated with compound 5 (40 mM) for 24 h, extensively dialysed against water, and analysed by electrospray mass spectrometry. After this treatment, native SOD (apo subunit 21136 Da) was not recovered on the mass spectrum which displayed a complex molecular mass distribution, corresponding to calculated deconvoluted masses up to around 23500 Da, suggesting extensive product heterogeneity.
Discussion
The primary activity of superoxide dismutases is the dismutation of superoxide radical anion into hydrogen peroxide and molecular oxygen. However, other interesting catalytic properties comprise the ability of SODs to either increase or decrease the rate of some oxidation reactions. For instance, the auto-oxidation of pyrogallol, 9) epinephrine 10) and 6-hydroxydopamine 11) is inhibited by SODs because superoxide anion acts as a chain propagation species. In contrast, when superoxide is the product of a reversible process, autoxidation rates can be enhanced in the presence of SODs. This behaviour, for example, is observed in the auto-oxidation of 3-hydroxyanthranilic acid to cinnabarinate. 12) Conversely, the auto-oxidation of 1,4-naphthohydroquinone has been shown to occur rapidly in a phosphate buffer (pH 7.4), and the addition of Mn-or Cu/Zn-SOD has no effect on the course of its auto-oxidation, except a slight increase in the lag phase. 13) In recent studies, it has been shown that the rate of auto-oxidation of some substituted naphthohydroquinone derivatives, including 2,3-dimethyl-1,4-naphthohydroquinone, decreases with increasing concentration of bovine erythrocytes Cu/Zn SOD, 14, 15) but the same enzyme has no effect on the rate of auto-oxidation of some halogenated 1,4-naphthohydroquinones, while that of the corresponding 5-hydroxy derivative is increased. 15) In our context, we observed that E. coli Fe-SOD and Cu/Zn-SOD had little or no effect on the rate of the auto-oxidation of catechol derivatives to their corresponding quinones. The kinetic data indicated a time-dependent inactivation, suggesting an irreversible inhibition process of superoxide dismutases. To confirm the covalent modification on Fe-SOD by catechol derivatives, both native and modified enzymes were analysed by electrospray mass spectrometry. In good agreement with previously published work 4) showing that inhibition of Fe-SOD by catechol 8 was associated with the formation of a complex which could not be dissociated by gel-filtration, this spectrometry experiment clearly demonstrated the irreversible modification of Fe-SOD. However, this method did not provide information regarding the nature of the residues associated with the irreversible process. It can be assumed that cysteines are more susceptible to ortho-quinone-induced modifications, 16) but the large number of adducts formed relative to the single available cysteine residue per subunit requires that other nucleophilic amino acid residues, such as lysines or histidines, also be modified. In all known Fe-SODs, the iron is coordinated to three histidines, one aspartate and a solvent molecule as fifth ligand, forming a trigonal bipyramid around the metal ion. 17) These four inaccessible ligand residues are highly conserved, as are His30 and Tyr34 located at the vertex of the funnel, which block access to the active site of the enzyme. Consequently, it seems unlikely that one residue of the active site could be responsible for the nucleophilic attacks leading to irreversible modifications of the protein. Several studies, based on chemical modification and site-directed mutagenesis on charged residues of SODs, showed the existence of an electrostatic control of substrate diffusion involving positively charged residues. [18] [19] [20] [21] [22] It can be assumed that the catechol-induced loss of activity of E. coli Fe-SOD is attributable to covalent modifications occurring at these residues located at the entrance of the channel conducting towards the active metal ion (i.e. Lys 29, Lys 116 or Arg 170; Chart 2A). In particular, Arg 170, which is conserved in the large majority of Fe-SOD sequences, and which has been shown to be critical for catalytic activity, 23, 24) could be one of the major target residues. The difference that we observed in the inhibition of the two classes of enzymes by the oxidation products of catechols should be related to binding at this specific arginine residue, which is likely to be more accessible in the Fe-SOD (Arg 170) than in the Cu/Zn-SOD (Arg 141) (Chart 2).
Experimental
General Nuclear magnetic resonance spectra were recorded on a Bruker AC 250 at 250 MHz ( 1 H) or 60 MHz ( (1 g, 6 .2 mmol) in dry tetrahydrofuran (THF, 8 ml) was added dropwise at 0°C a solution of 1,3-dicyclohexylcarbodiimide (1.42 g, 6.9 mmol) in THF (3 ml). The solution was stirred at room temperature for 18 h. The reaction mixture was filtered, and the filtrate evaporated to dryness. The residue was treated with ethyl acetate and then washed with 5% aq. sodium hydrogencarbonate. The organic layer was dried over magnesium sulfate, and the solvent evaporated under reduced pressure. The residue was column chromatographed using a mixture of dichloromethane and ethyl acetate (9 : 1) to yield 0.66 g of 2 (yield: 66 %). 3 g, 1 mmol) in dichloromethane (5 ml) and trifluoroacetic acid (5 ml) was stirred for 16 h at room temperature. The reaction mixture was then evaporated to dryness under reduced pressure, and several co-evaporations with water were carried out. The residue was dissolved in ethanol (5 ml), and 12 M hydrochloric acid (84 ml) was added. The solution was filtered to give 0.17 g of 3 (yield: 72%). .49 mmol) in dry THF (8 ml) was added dropwise at 0°C 1,3-dicyclohexylcarbodiimide (1.47 g, 7.14 mmol) in dry THF (3 ml). The solution was stirred at room temperature for 16 h. The reaction mixture was filtered and the filtrate evaporated to dryness. The residue was diluted with ethyl acetate, washed with 0.01 M aq. hydrochloric acid and water. The organic layer was dried over magnesium sulfate and evaporated to dryness. The product was chromatographed using dichloromethane as eluent to give 0.62 g of 4 as a white powder (yield: 40%). 1 mmol) was dissolved in 1 M aq. sodium hydroxide (25 ml) and the solution was stirred at room temperature for 4 h. After filtration, the filtrate was acidified with diluted sulfuric acid, and the residue was extracted with ethyl acetate. The organic layer was dried over magnesium sulfate and evaporated to dryness to yield 0.37 g of 5 as a brown powder (yield: 84% 6 To a solution of N-hydroxysuccinimide (1.495 g, 13 mmol) and 2,3-dihydroxybenzoic acid (2 g, 13 mmol) in dry THF (16 ml) was added dropwise at 0°C a solution of 1-3-dicyclohexylcarbodiimide (3.21 g, 15.6 mmol) in dry THF (6 ml). The solution was stirred at room temperature for 16 h. The reaction mixture was filtered, and the filtrate evaporated to dryness. The residue was taken up with ethanol, and the insoluble material was filtered to give 1.26 g of pure 6 (yield: 36%). 99 mmol) in THF (5 ml) was added dropwise at 0°C a solution of 6 (0.5 g, 1.98 mmol) in THF (5 ml). The solution was stirred overnight at room temperature. The solvent was evaporated to dryness and the residue was taken up with ethyl acetate and washed with 0.01 M hydrochloric acid. The organic layer was dried over magnesium sulfate and evaporated to dryness. Recrystallisation from dichloromethane gave 0.135 g of 7 as a white powder (yield: 41% 
].
Inhibition Studies Superoxide dismutase activities were determined by UV-visible spectroscopy at pH 8.2 by measuring the rate of the auto-oxidation of pyrogallol (4-5 mM) at 420 nm. Enzymatic inhibition studies were carried out as follows: a solution of inhibitor (10 ml) in dimethylsulfoxide (1 to 100 mM) was added to a solution (990 ml) of Fe-SOD (0.30mM) or Cu/Zn-SOD (0.34 mM) in 50 mM Tris buffer (1 mM EDTA, pH adjusted to 8.2 with cacodylic acid). The percentage of inhibition was calculated as follows: I %ϭ[V I-SOD ϪV SOD ]/[V I ϪV SOD ]ϫ100, where V I is the rate of auto-oxidation of pyrogallol in the presence of inhibitor, V I-SOD in the presence of SOD and inhibitor, and V SOD in the presence of SOD.
To determine the dose-dependence inhibition by catechol compounds, various concentrations were incubated with Fe-SOD or Cu/Zn-SOD (or 0.34 mM) for 24 h at 25°C. The time-dependence was determined by periodical assays of incubation with or without catechol compounds at various concentrations with Fe-SOD.
Catechols Oxidation Oxidation reactions of compound 5 (400 mM) in the absence of the enzyme, or in the presence of Cu/Zn-SOD (0.34 mM), Fe-SOD (0.30 mM) or tyrosinase (5 U/ml) were monitored by UV-visible spectrophotometry at 280 nm in a 50 mM Tris buffer pH 8.2.
Electrospray Mass Spectrometry Compound 5 (40 mM) was dissolved in a 100 mM ammonium hydrogenocarbonate buffer pH 8.0 containing Fe-SOD (30 mM) at 25°C. After 24 h, the solution (25 ml) was then diluted in 25 ml of a mixture of acetonitrile and water (1/1) containing 0.1% formic acid. The solution was directly injected into the electrospray interface of a LC MS/MS mass spectrometer (API 365, Perkin Elmer SCIEX). Spectra were scanned over the range of 500-1600 m/z.
